The fast development of tissue engineering and regenerative medicine drives the old biomaterials, for example, fibrin glue, to find new applications in these areas. Aiming at developing a commercially available hydrogel for cell entrapment and delivery, in this study we optimized the fabrication and gelation conditions of fibrin gel. Fibrinogen was isolated from human plasma by a freeze-thaw circle. Gelation of the fibrinogen was accomplished by mixing with thrombin. Absorbance of the fibrinogen/thrombin mixture at 550 nm as a function of reaction time was monitored by UV-VIS spectroscopy. It was found that the clotting time is significantly influenced by the thrombin concentration and the temperature, while less influenced by the fibrinogen concentration. After freeze-drying, the fibrin gel was characterized by scanning electron microscopy (SEM), revealing fibrous microstructure. Thermal gravimetric analysis found that the degradation temperature of the crosslinked fibrin gel starts from 288
Introduction
Biodegradable scaffolds which function as matrices for delivery and proliferation of living cells are one of the key issues in tissue engineering and regenerative medicine. These matrices in the forms of gel or porous structures can provide a physical support for guiding the cell attachment, proliferation and differentiation [1] [2] [3] . The form of the matrices has a great impact on their delivery efficiency. For example, when cells are seeded into a porous scaffold, cell loss takes place frequently, leading to low delivery efficiency. In contrast, the hydrogel can sufficiently entrap the cells, prohibiting cell loss, and thus has high delivery efficiency [4, 5] . Moreover, the hydrogel can create a biomimetic circumstance that is more beneficial to cell differentiation. Among the various properties that should be considered, the gelation process is extremely important. Generally, the gelation should be mildly triggered to avoid potential side effects [6, 7] . For example, the huge temperature change caused by the gelation may damage the entrapped cells and surrounding tissues.
To date, many kinds of polymers such as collagen [8] , gelatin [9] , chitosan [10, 11] , fibrin [3] , poly(ethylene glycol) (PEG) [4] and poly(propylene fumarate) (PPF) [12, 13] have been extensively studied with respect to their gelation and cell delivery properties. Among these polymers, the fibrin gel obtained from human blood plasma is one of the most commonly applied hydrogels [14] [15] [16] [17] . The remarkable advantage of the fibrin gel is that the fibrinogen can be obtained autologously, avoiding the potential risks of foreign body reaction and virus infection. Furthermore, cells entrapped in the fibrin gel can produce more collagen [18, 19] and elastin [20] . Recently, some impressive and significant progress has been made by using the fibrin gel as an injectable scaffold. For example, Ryu utilized an injectable fibrin matrix to enhance the vascularization of infarcted myocardium [21] , while Peretti applied the fibrin gel for regeneration of cartilage in a tissueengineering way and showed a promising result [22] .
Fibrin gel is formed by the reaction of fibrinogen and thrombin [23, 24] as shown in figure 1. Fibrinogen is a rod-shaped protein with a molecular weight of 340 kDa and contains three pairs of polypeptide chains joined by disulfide bonds [25] . Fibrinogen plays a prominent role in various pathological processes, including hemostasis, thrombosis, adhesion and aggregation of platelets [14] [15] [16] . Following vascular injury, fibrinogen is cleaved by thrombin to form insoluble fibrin clots that prevent blood loss [26] . The clots also serve as temporary matrices for cell adhesion and migration during tissue repair [27] . The transformation of fibrinogen into fibrin gel involves several distinct steps [28] [29] [30] [31] . In the presence of thrombin, the fibrinogen is specifically cleaved to small fibrinopeptides: α 2 , β 2 and γ 2 . The thrombin solution with the action of Ca 2+ can stimulate Factor XIII to transform to Factor XIIIa (transglutaminase). Under the catalyzation of Factor XIIIa, fibrinopeptides are crosslinked to form fibrin networks, i.e. the hydrogel [31] .
Although the fibrin glue has been extensively applied clinically in surgery, only in recent years has its significant value as a cell delivery vehicle and injectable scaffolds received great attention. For example, it has been used to treat damaged skin in a tissue-engineering way [32] [33] [34] . A commercially available product of fibrin glue is specifically designed for the purpose of adhesion of tissues or organs. Hence a high concentration of thrombin (>100 U ml ) is applied to make the gelation, namely the clotting time, as short as possible [35, 36] . This type of fibrin glue is, of course, not applicable as a cell delivery vehicle for uses of tissue engineering. Generally, a longer gelation time and sufficient strength are required for the fibrin gel to be used as an injectable scaffold. Therefore, optimization of the gelation conditions is still required in terms of tissue-engineering applications, such as cell entrapment, injectable properties, handling convenience and performance for cell growth. Yet to our best knowledge, there is almost no such report. In this work, we try to find the optimal conditions to obtain fibrin gel for applications of cell delivery in a tissue-engineering way, especially for delivery of fibroblasts. For this context, human fibrinogen is used to investigate the basic parameters controlling the clotting time and micro-structure of the fibrin gel. The thermal stability, water-uptake property and degradable behavior of the fibrin gel shall also be characterized. Finally, the delivery property for fibroblasts is evaluated.
Materials and methods

Materials
Fresh human plasma was kindly donated by the Blood Center of Zhejiang Province of China. Bovine thrombin (400 U) and Dulbecco's Modified Eagles Medium (DMEM) were purchased from Sigma-Aldrich, and aprotinin (630 U mg −1 ) was purchased from Roche. Fetal bovine serum (FBS) was obtained from Sijiqing Co. Ltd, Hangzhou, China. Sodium chloride and calcium chloride were obtained from Hangzhou Shuanglin Chemical Company, China. All other chemicals were used as received. Triple-distilled water was used throughout the experiments.
Isolation of fibrinogen
Fibrinogen was isolated from plasma by a freeze-thaw cycle [37] . Briefly, fresh human plasma was first frozen at −20
• C for 24 h and then thawed at 4
• C for 18 h. At 4 • C, the plasma was centrifuged at 6500 g for 20 min. The precipitate was dissolved in the 0.9% sodium chloride solution, which was then frozen at −20
• C for 2 h and lyophilized for 18 h to obtain the fibrinogen powder. The fibrinogen obtained by this method generally contains a minor amount of Factor XIII and plasminogen [24, 37, 38] . Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) was used to characterize the isolated fibrinogen.
Preparation of fibrin gel
The crosslinked fibrin gel was generated by mixing equal volumes of thrombin (1-20 U ml −1 , 40 mM CaCl 2 solution) and human fibrinogen (10-40 mg ml −1 , 0.9% NaCl solution). 10-50 U ml −1 aprotinin was optionally added. For most of the characterizations, the sample was fabricated by mixing 40 mg ml −1 fibrinogen and 10 U ml −1 thrombin if not specifically indicated.
Measurement of the clotting time
After vortex mixing the solutions of fibrinogen and thrombin, a change of turbidity was recorded immediately by a UV-VIS spectrophotometer (UV-2550, Shimadzu, Japan). The clotting time is defined as the time at which the maximum value appears in the differentiating curve.
Microstructure observation
After drying by a critical point method, the fibrin gel was coated with an ultrathin gold layer and observed under a scanning electron microscope (SEM) (JEOL JEM-200CX, Japan).
TGA analysis
Thermal stability of the fibrinogen and fibrin gel was evaluated by thermogravimetry (NET.ZSCH STA 409PG, USA). Fibrinogen powder and dried fibrin gel weighing about 5 mg were heated from 40
• C to 700
• C with a heating rate of 10
• C min −1 in nitrogen atmosphere. The weight retention degree is defined as the ratio of weight remaining at a given temperature to the initial weight.
Water-uptake property
The fibrin gel was incubated in distilled water at room temperature for different times. The weight (W t ) of the fibrin gel at different time intervals was determined by a microbalance after the surface water was adsorbed by a filter paper. The water-uptake ratio is defined as the ratio of weight increase (W t − W 0 ) to the initial weight (W 0 ). Each value was averaged from three parallel measurements.
Weight retention
In vitro degradation or release of the fibrin gels was evaluated by tracing the weight change in PBS (pH 7.4), DMEM, DMEM/10% FBS and DMEM/10% FBS having fibroblasts. The fibroblasts were entrapped into the fibrin gel by mixing equal volumes of thrombin (10 U ml , 0.9% NaCl solution) containing 50 U ml −1 aprotinin. The mixture was incubated at 37
• C for 10 min to form the hydrogel, and then incubated in a well of a 24 well culture dish at 37
• C, 5% CO 2 and 95% humidity in DMEM supplemented with penicillin (100 U ml −1 ), streptomycin (100 U ml −1 ) and 10% FBS (complete medium). For the samples without cells, the fibrin gels were immersed into 2 ml PBS, DMEM or DMEM/10% FBS and incubated at 37
• C. The medium solutions were changed every 2 d. The amount of the degraded (or released) proteins in the medium supernatants was measured by UV-VIS spectroscopy (UV-2550, Shimadzu, Japan) at 278 nm, which is assigned to the absorbance of the phenyl group of proteins. For the samples incubated in the DMEM/FBS, the blank medium of DMEM/FBS was used as a control. The degraded or released amount of proteins was obtained by referring to a calibration curve recorded from fibrinogen at the same wavelength. The weight retention is defined as the ratio of weight remaining to the initial weight. Each value was averaged from three parallel measurements.
Cell culture test
Fibroblasts used in this study were isolated from human dermis by collagenase digestion. The cells were cultured at 37
• C, 5% CO 2 and 95% humidity in DMEM supplemented with penicillin (100 U ml −1 ), streptomycin (100 U ml −1 ) and 10% FBS, which was changed every 3 d [39] . Cells were passaged at confluence and the 4-8th passage fibroblasts with a density of 2 × 10 5 ml −1 were seeded into the fibrin gel. The fibroblasts were entrapped into the fibrin gel by mixing equal volumes of thrombin (10 U ml −1 , 40 mM CaCl 2 solution and 4 × 10 5 ml −1 cells) and human fibrinogen (40 mg ml −1 , 0.9% NaCl solution) containing 50 U ml −1 aprotinin. The mixture was incubated at 37
• C for 10 min to form the hydrogel, and then incubated in a well of a 24 well culture dish in the complete medium as described above.
After cell seeding for 2-8 d, the culture was discontinued and the cell-seeded fibrin gels were fixed with 2.5% glutaraldehyde at 4
• C for 12 h. After washing with PBS to remove the remaining glutaraldehyde, the fibrin gels were dehydrated with a graded series of ethanol. Then the fibrin gels were further dehydrated with acetone and treated with isoamyl acetate, each for 15 min. After drying by a critical point method, the fibrin gels were coated with an ultrathin gold layer and observed under a SEM (Cambridge Stereoscan 260, UK).
To measure the cell viability, the fibroblasts were similarly entrapped by mixing equal volumes (25 µl) of thrombin (10 U ml cells) and human fibrinogen (0.9% NaCl solution) containing 50 U ml −1 aprotinin in a 96 well culture plate. The plate was incubated at 37
• C for 10 min to form the fibrin gel constructs, which were cultured in the complete medium as described above. Different concentrations of fibrinogen were compared. After the constructs were cultured for a given time, 20 µl of 5 mg ml −1 methylthiazoletetrazolium (MTT) solution was added to each well and cultured for 3 h. After extraction by 200 µl DMSO, the absorbance was measured at 570 nm by a microplate reader (Bio-Rad, UK). Each value was averaged from three parallel experiments.
Statistical analysis
Data are expressed as mean ± standard deviation (SD). A two-population Student's t-test was used to determine the significance with respect to clotting time, water-uptake ratio, weight retention degree and MTT optical density. At least three specimens were analyzed for each sample. The significance level was set as p < 0.05.
Results and discussion
Fibrinogen characterization
Fibrinogen was isolated from human plasma by a freezethaw cycle. The as-prepared fibrinogen was first characterized by SDS-PAGE. Human fibrinogen, a dimeric structure with a molecular weight of ∼340 kDa, is composed of three polypeptide chains linked by disulfide bond bridges. The disulfide bonds were reduced by SDS when the sample was analyzed by 10% SDS-PAGE. By cleaving the disulfide bond bridges, the fibrinogen was separated into three fibrinopeptides, i.e. 64 kDa, 70 kDa and 48 kDa, which represent the three polypeptide chains, respectively.
Factors controlling the clotting time
The fibrin gel can be easily formed by mixing solutions of fibrinogen and thrombin. After clotting at room temperature for several minutes, the transparent solution lost its fluidity and was transformed into an opaque hydrogel. The microstructure and handling properties of the fibrin gel are strongly dependent on the clotting time, which is mostly controlled by the concentration of fibrinogen and thrombin and the reaction temperature [40] [41] [42] . It has been previously reported that the higher the thrombin concentration is, the faster the fibrin glue polymerizes [40] [41] [42] . Moreover, the general concentration of thrombin used in the literature is higher than 100 U ml −1 , leading to gelation of the fibrinogen within seconds. For cell entrapment, however, we would expect that a lower concentration of thrombin might be better so that an appropriate handling time can be achieved. Therefore, here the thrombin concentration was controlled at 0.5-10 U ml −1 , and the gelation process was monitored by UV-VIS spectroscopy. Figure 2(a) shows that absorbance at 550 nm increased with time for all the samples with different amount of thrombin. When the thrombin concentration was higher than 2.5 U ml −1 , a clear platform appeared after 200 s. At an extremely low concentration of thrombin, however, the platform was hardly observed. By defining the sharpest transition as the clotting time, the influence of thrombin and fibrin concentrations and clotting temperature on the clotting time was compared in figure 2(b) . It shows that along with an increase of the thrombin concentration, the clotting time decreased rapidly from >400 s (0.5 U ml −1 thrombin) to 150-200 s (2.5-10 U ml −1 thrombin) at 25
• C (p < 0.01). No significant difference (p > 0.05) can be found when the thrombin concentration was above 2.5 U ml −1 , although still higher concentration resulted in a slightly shorter clotting time.
Except for the very low concentration of thrombin (0.5 U ml −1 ) (p < 0.01), the clotting time was almost independent of the fibrinogen concentration (p > 0.05). In contrast to this, the reaction temperature has a significant influence. For example, at the same concentration of fibrinogen and thrombin, the clotting time at 14
• C was doubled compared with that at 25
• C (p < 0.05), implying that higher temperature can remarkably accelerate the gelation. According to the gelation mechanism (figure 1), concentration of the fibrinopeptides, the monomers of the fibrin gel, plays a pivotal role in the clotting time. The fibrinopeptide concentration is controlled by the ratio of thrombin to fibrinogen. Therefore, with the increase of the thrombin concentration, more fibrinopeptides per unit time will be produced by the cleavage of the fibrinogen, leading to a shorter clotting time. The activity of thrombin is strongly influenced by temperature. At higher temperature the more active thrombin can produce more fibrinopeptides per unit time, also resulting in shorter clotting time.
Microstructure of the fibrin gel
Although the formed fibrin hydrogels are highly hydrated, after freeze-drying they still show characteristic structures mediated by the fibrinogen and the thrombin concentrations ( figure 3) . At a lower fibrinogen concentration (5 mg ml −1 ), the formed fibrin gel has a very dense structure with very thick fibers that are hardly distinguished from each other ( figure 3(a) ). When the fibrinogen concentration was increased to 10 mg ml
, a slightly loose and porous structure was obtained ( figure 3(b) ). At 20 mg ml −1 , the fibers became thinner and the whole fibrin gel became looser correspondingly ( figure 3(c) ). At a definite fibrinogen concentration of 20 mg ml −1 , along with the increase of the thrombin concentration from 0.5 U ml −1 to 5 U ml −1 , the fibers became thinner gradually ( figures 3(d)-(f) ), although the change is not very significant. The fibrin gel structure is largely determined by the gelation kinetics, e.g. the clotting time [43, 44] . With higher thrombin concentration and thus the faster gelation time [40, 42] , more fibrous structures were created in the fibrinogen hydrogels. , respectively, while the thrombin concentration is kept constant at 2.5 U ml . The thrombin concentration in (d), (e) and (f) is 0.5 U ml −1 , 2.5 U ml −1 and 5 U ml
, respectively, while the fibrin concentration is kept constant at 20 mg ml 
Thermal stability
To reveal the influence of gelation on the stability of the fibrinogen, thermal gravimetric analysis (TGA) was performed. Both the fibrinogen and the fibrin gel lost their weights progressively before 260
• C, and then rapidly after 260
• C for fibrinogen and 288
• C for fibrin gel. The weight loss before 260
• C should be attributed to the water evaporation and dehydration between the protein molecules [45] . After gelation, the crosslinked fibrin gel thus has a stronger ability to resist thermal degradation.
Water-uptake property
Free exchange of nutrients is extremely important for the hydrogel being used for cell delivery. Figure 4 shows that water-uptake ratio of all the samples decreased with time till 11 h, and then leveled off. With higher concentration of thrombin, a relatively smaller decrease of water-uptake as a function of time was observed. The gradual loss of the uptaken water is frequently observed for porous scaffolds, where the relaxation of the hydrated polymers may cause the rearrangement of the molecular chains, resulting in shrinkage of the scaffold finally [46] . We believe that a similar phenomenon should occur for the fibrin hydrogel, which shows similar porous structure upon drying. Progressive shrinkage of the hydrogel will then result in the decrease of the water-uptake ratio. At a higher thrombin concentration, the crosslinked fibrin gel should have a more complete crosslinking structure, which has stronger ability to resist the shrinkage. Based on the definition of the water-uptake ratio, the weight loss of the fibrin itself brings only neglectable influence to the wateruptake ratio change.
Weight retention in PBS and DMEM
Weight retention of the fibrin gel in PBS and DMEM was monitored as a function of incubation time. As shown in figure 5(a) , in PBS all the fibrin gels, regardless of the concentration of fibrinogen, lost their weights very quickly during the first 3 d, at which only ∼10% of the initial weight was preserved. After incorporation of aprotinin, the fast weight loss of the fibrin gel was only slightly alleviated at the initial stage. It is well known that aprotinin can significantly inhibit the enzyme-catalyzed degradation of the fibrin gel. Although in the fibrinogen more or less plasminogen may remain which catalyzes degradation of fibrinogen under the activation of thrombin [47, 48] , the very minimal effect of aprotinin in the present case reveals that the weight loss is more likely caused by the dissolution controlled by the higher ionic strength of PBS and a paucity of FXIIIa-mediated crosslinks. Of course, partial degradation of the fibrin gel cannot be completely excluded at present. In the latter case, the rather low concentration of aprotinin used here and the loss of aprotinin caused by the repeated medium change will weaken the effect of aprotinin. In DMEM or DMEM/10%FBS, especially in the former solution, the speed of weight loss of the fibrin gel was significantly delayed (figure 5(b)) compared with that in PBS (p < 0.05). On day 3, more than 80% of the mass was preserved. Even on day 9, more than 40% of the mass was preserved for all the samples. An overall slower weight loss was recorded for the samples in the DMEM solution than that in the DMEM/FBS solution. The aprotinin showed some extent of inhibition effect only for the pure DMEM group at longer incubation time, i.e. 7 d (p < 0.05), while no effect was found if FBS existed (p > 0.05). Further entrapment of fibroblasts into the fibrin gel did not bring faster weight loss than that of the pure DMEM/FBS, possibly because of the lower cell seeding density. Apart from the dissolution, degradation of the fibrin gel may also happen, especially in the presence of FBS. Degradation of the fibrin gel normally relates to the plasminogen activation, which leads to the formation of the serine protease plasmin and to subsequent fibrinolysis [47, 48] . The FBS contains plasmin, which can degrade the fibrin gel. It is not clear at present why the weight loss speed in PBS is much faster than that in DMEM.
Cell response in the fibrin gel
As a cell-delivery matrix, the ability to support the proliferation of the transplanted cells is a key issue [49, 50] . Here human fibroblasts were entrapped into the fibrin gel to evaluate their morphology and proliferation behaviors. During the detection of the cell viability, especially after day 7, we observed that the cells would like to grow at the bottom of the fibrin gel, while few cells could travel to the culture plate. The optical density (proportional to cytoviability and more precisely proportional to the cell numbers supposing the cell activity constant) was increased almost linearly along with the culture time (figure 6), implying that the fibroblasts could normally , respectively. * represents p < 0.05.
proliferate in the fibrin hydrogels. No significant influence of the fibrinogen concentration on the cytoviability was found (p > 0.05). This type of cell proliferation behavior is quite different from the traditional one. When the cells are cultured on a planar culture plate, an S-shaped proliferation curve is usually observed [51] . This phenomenon reveals that the fibrin gel possesses very good cytocompatibility because it also contains lots of active ingredients derived from the plasma, and it may also provide larger space for cell proliferation which shows non-contact inhibition effect at the examined time. Therefore, within the examined period, the cells were observed as a linear growth. It should be mentioned that the very early start (before 3 d) may not mean a definite line, since the cells grow generally slowly at this stage. More experiments are required with regard to the cell proliferation dynamics.
The morphology of the fibroblasts in the fibrin gels was observed by SEM ( figures 7(a)-(d) ). In the first few days ( figure 7(a) ), the fibroblasts were observed as near spherical morphology, indicating that they were in a non-spreading stage. Then the fibroblasts in all the examined time intervals showed well-spreading morphology. All these results prove that the fibrin gel has good cytocompatibility, and thus can be used as a scaffolding material (e.g. injectable scaffold) for regeneration of damaged tissues, such as skin.
Conclusions
Fibrin gels were successfully fabricated by mixing the fibrinogen with thrombin. The clotting time of the fibrinogen is significantly influenced by the thrombin concentration and the incubation temperature, while less influenced by the fibrinogen concentration. The freeze-dried fibrin hydrogels show fibrous structure, which is less sensitive to the thrombin concentration. TGA analysis demonstrates that the crosslinked fibrin gel has better thermal stability than its precursor. With higher thrombin concentration, the well crosslinked fibrin gel can better maintain its macroscopic shape and thus has larger water-uptake property. Weight loss of the fibrin gels was found in PBS, DMEM and DMEM/FBS, which is largely caused by the dissolution or degradation of the fibrin gels. The in vitro cultured fibroblasts can normally proliferate in the fibrin gel, showing a linear increase of viability along with the culture time. The fibrin gel thus can be used to deliver fibroblasts for regeneration of the dermis tissue, and also for other types of tissues especially in an injectable manner.
